This study analyses the motion of the residual femur within a trans-femoral socket during gait using ultrasound data from two simultaneously transmitting transducers connected to two ultrasound scanners. Calibration tests accurately established the orientation of the two transducers mounted on the lateral wall of the socket. Relative positions of the ultrasound image of the femur were measured on video playback. Motion of the residual femur, relative to the lateral wall of the socket, at any instant during gait may be estimated, if the relative positions of the two transducers and the motion of the ultrasound image are known. A consistent pattern of femoral motion during 10 gait cycles is displayed graphically. The femoral motion in this paper is expressed as abduction/adduction or flexion/extension relative to the socket. However, without a full gait analysis study, the orientation of the socket relative to the ground or relative to the pelvis cannot be determined.
Introduction
Klasson (1997) identified the stiffness of the coupling between the skeleton and the socket as a significant factor in socket fit. Socket fit may be quantified if the motion of the residual bone within the socket during the gait cycle can be monitored. Eriksson and Lemperg (1969) , Grevsten and Erikson (1975) and Lilja et al. (1993) all used radiographic techniques to analyse residual tibial movement within trans-tibial sockets. Mayfield et al (1977) , Long (1985) and Sabolich (1985) also used radiographic techniques to analyse residual femoral movement within trans-femoral sockets. However, the use of radiography is limited by the risk of ionising radiation. Therefore these studies were restricted to static analysis at simulated instants of the gait cycle.
Diagnostic ultrasound has no known side effects and was used by Matsopoulos (1993) to assess the static position of the residual femur in both quadrilateral and ischial containment transfemoral sockets.
This paper reports on the accuracy of positioning two ultrasound transducers on a trans-femoral socket, video recording the ultrasound data during gait studies and the subsequent analysis and interpretation of the data.
Two (2) 5MHz linear array transducers were selected in order to provide a good image of the femur which is approximately 50mm under the stump surface. The field of view of the proximally positioned transducer was 29mm and that of the distally positioned transducer was 61mm. Each transducer was connected to a separate Shimadzu diagnostic ultrasound scanner (SDU-400).
Mounting the ultrasound transducers on the outside wall of the socket permits motion of the residual femur within the socket to be assessed. However, loss of ultrasound image may occur due to poor contact at either the interface between the external socket wall and the transducer or at the interface between the stump and the internal socket wall. Thus, localised cast rectification and the introduction of slots to the socket to accommodate the transducers ensured only one interface. This procedure provided access to the stump to allow application of an ultrasound gel, prior to attaching the transducer to the socket. Although this procedure ensures a reliable ultrasound image it imposes restrictions on the number of sockets that may readily be evaluated. Each socket must be modified and the orientation of the two transducers on the socket has to be pre-determined.
Subject
The subject was a 39-year-old male whose left trans-femoral amputation was a result of an industrial accident. He was an active 1.82m tall, 85kg amputee. The stump length measured from the perineum was 180mm with a maximum circumference of 540mm. The prosthetic prescription was a total contact quadrilateral laminated suction socket, stabilised knee and uniaxial foot. The subject considered the socket to be a comfortable fit. The subject's preferred walking speed was 1.3 m.s 1 .
Methodology
Murray and Convery (2000) discussed the estimation of the relative orientation of the two transducers on the lateral wall of the transfemoral socket and subsequent measurement errors in calibrating the ultrasound transducers. Errors of <1° were noted.
Gait studies accurately determined the transfemoral patient's typical walking speed. In order to ensure repeatability of the patient's gait, a metronome was adjusted to match the patient's typical walking speed. During subsequent ultrasound studies the metronome dictated the patient's walking speed.
With the patient standing stationary, the 29mm long transducer was held horizontally against the outer lateral/proximal wall of a check socket. The transducer was re-positioned to ensure a centralised ultrasound image of the residual femur on the visual display unit (VDU) of the ultrasound scanner. Likewise, the 61mm long transducer was held horizontally against the outer lateral/distal socket wall. The locations of the two transducers on the check socket wall were transferred to the final cast. The final cast was rectified in these areas to ensure a good contact between transducer and stump tissue. Two openings, small enough to accommodate the transducers, were cut in the lateral wall of the final socket as shown in Figure la . A 5mm thick polyethylene housing, moulded to fit the outer wall of the socket and to accommodate the two transducers, locked the two transducers to the lateral wall of the socket as shown in Figure lb .
The initial pilot study investigated the amount of pistoning between stump and socket during prosthetic stance and swing. The sagittal and coronal planes of the residual femur were X-rayed both while weight bearing and nonweight bearing in the prosthesis. The distal transducer, positioned transversely across the socket, was used as a reference to measure the axial distance from the transducer to the distal end of the femur as shown in Figure 2 .
In order to verify accurately the orientation of the distal transducer relative to the proximal transducer, three long parallel rods with 5mm targets were lowered into the water filled socket. As the three targets were gradually lowered into the socket, parallel to the socket axis, their locations were detected first by the proximal transducer and then by the distal transducer. A 3-dimensional x, y, z co-ordinate system was adopted for measurement purposes. The z distance was measured perpendicular from the transducer surface to the target image. The x distance was measured parallel to the transducer, from its centreline to the target image. The y distance or relative depth of the targets, within the socket, was measured using a Vernier height gauge. Figure 3 illustrates the ultrasound image of the residual femur within the socket as a semicircular arc and the transducer surface as the horizontal line across the top of the screen. The x and z co-ordinates of the apex of the arc may be monitored on video playback.
The proximally positioned transducer was approximately parallel to the medial brim of the quadrilateral socket. Femoral motion perpendicular to the sensing surface of the proximal transducer was considered to be abduction/adduction relative to the lateral socket wall. Femoral motion parallel to the sensing surface of the proximal transducer was considered to be flexion/extension relative to the lateral socket wall. The measured ultrasound data was transferred to spreadsheets. Knowing the orientation of the distal transducer relative to the proximal transducer, the ultrasound x and z co-ordinates measured using the distal transducer were adjusted to compensate for its orientation. The abduction/adduction and flexion/extension motion of the residual femur relative to the lateral socket wall may be estimated based on the adjusted x and z measurements together with the known y or axial distance between the two transducers. The abduction/adduction of the femur at any instant was estimated from tan'[(the difference in the adjusted z co-ordinates of the apex of the femoral image from the two transducers)/(the axial distance between the two transducers)]. Similarly, knowing the x co-ordinates of the apex of the femoral image and the horizontal off-set of the two transducers, the flexion/extension of the femur was estimated from tan'[(the difference in the adjusted x coordinates)/(the axial distance between the two transducers)].
Prior to the gait studies the amputee was asked to simulate statically different phases of the gait cycle. The amputee adopted a typical stride and while weight bearing attempted to "pull the prosthetic heel backwards" to simulate early prosthetic stance, or "pull the toe of the prosthetic foot forwards" to simulate late prosthetic stance. The amputee adopted a typical standing base and then, while weight bearing, attempted to "push the prosthetic foot laterally" to simulate abduction or "pull the prosthetic foot medially" to simulate adduction. These four simulations were repeated sequentially and during each 5 second simulation an X-ray of the stump and socket was taken. The four sequential simulations were repeated JO times during which ultrasound data was recorded.
During gait the motion of the "apex" of the circular arc of the femur within each transverse sensing plane was video recorded at 25Hz. The lower 20% portion of the ultrasound image on the VDU was redundant with respect to measurements of the femoral displacement. A special video-recording configuration was necessary to ensure synchronisation of the ultrasound scanners. One video camera, two video mixers, A and B, and two video recorders, A and B, were employed. During gait the video camera viewed both the subject's lower limbs and also a stationary light bulb positioned at the start of the walkway. The view from the video camera was transferred to video mixers A and B by a spliced cable. The proximally positioned transducer was connected to scanner A with a 2m cable. The output from scanner A was transferred to video mixer A. Mixer A was adjusted to superimpose the output from the video camera on the lower 20% of the ultrasound image from scanner A. The split screen presentation from video mixer A was recorded on video recorder A. The distally positioned transducer was connected to scanner B with a 2m cable. Likewise, the video output from scanner B was transferred to video mixer B. Mixer B superimposed the output from the video camera on the lower 20% of the ultrasound image from scanner B. The split screen presentation from video mixer B was recorded on video recorder B. The wheels of both scanners were linked so that a person, walking at the same speed as the patient, could push both scanners during the gait studies. Two 10m long cables connected scanner A to video recorder A and scanner B to video recorder B. When the subject commenced his walk a stationary light was switched on and hence the video playback from both recorders could be synchronised. Careful advancement of both videos and observation of the lower portion of the screen established particular instants of the gait cycle such as heel strike, toe-off etc. Figure  4 illustrates the split screen presentation from the transducer, positioned on the lateral distal socket.
The ultrasound data from 10 walks was video recorded and measured on "paused" play back. The metronome ensured that the subject's gait during the 10 trials was similar. The consistent gait was verified from simultaneous force plate studies.
Only one scanner may be available for clinical Fig. 4 . Split screen presentation of ultrasound image and subject at mid-swing.
use. Although two transducers may be connected to a single Shimadzu ultrasound scanner, SDU-400, only one transducer may be recorded at any instant. Hence data collection may be restricted to only one transducer during gait. In order to simulate the single transducer mode, the ultrasound data recorded simultaneously from both transducers during the 10 previous gait cycles, was transferred to spreadsheets. This data was averaged at any instant of the gait cycle. Rather than estimating at any instant 10 angular orientations of the femur and determining the mean, the ultrasound data was averaged at any instant and an individual angular orientation of the femur was calculated from the averaged data.
Results
The ultrasound measurements of the 3 targets, lowered into the water filled socket, established that the two transducers positioned transversely on the lateral socket walls were parallel but 93.7mm apart distally. Relative to the proximal transducer the distal transducer was 6.5°i nternally rotated and the centre line of the distal transducer was 18mm anterior. This orientation of transducers ensured that during gait the ultrasound image of the residual femur remained on the VDU of either scanner.
Measurement of the X-rays in Figure 2 indicated that the axial length from the distal transducer to the distal end of the femur was reduced from 40.5mm during weight bearing to 39.5mm during non-weight bearing. During an earlier ultrasound study the 61mm long transducer had been hand-held axially against the distal, lateral socket wall during weight bearing and non-weight bearing by the patient. Ultrasound measurements indicated a similar level of pistoning of the femur within the socket.
The results of the simulated static study were inconclusive. The ultrasound measurements suggested that relative to the lateral socket wall a range of abduction/adduction of 12.2° with a standard deviation of 2° compared with a range of 12° from X-ray estimation. The ultrasound measurements suggested that relative to the socket wall a range of flexion/extension of 17.4°w ith a standard deviation of 3° compared with a range of 13° from X-ray estimation.
Graph 1 illustrates the mean abduction/ adduction of the residual femur relative to the lateral socket wall during 10 gait cycles. This motion is based on the estimation of the angular orientation at any instant and determination of the mean and ± standard deviations during the 10 gait cycles. The abscissa axis displays the gait cycle, with the stance phase defined from, heel strike (HS), to toe-off (TO), and the swing phase from TO to HS. No gait analysis data was available to determine the orientation of the lateral socket wall to the horizontal or to the axis of the pelvis at HS. Therefore Graph 1 commences at HS from a baseline of zero with any subsequent abduction/adduction displayed relative to the angulation of the femur at the instant of HS. Likewise Graph 2 illustrates the mean flexion/extension of the residual femur relative to the lateral socket wall during 10 gait cycles. As before, Graph 2 commences at HS from a baseline of zero with any subsequent flexion/extension displayed relative to the angulation of the femur at the instant of HS. The ultrasound data at any instant during the 10 gait cycles was averaged and the orientation of the femur was estimated based on this average data. The averaged ultrasound data is representative of data acquired using a single scanner. The femoral motion was similar using 
Discussion
Previous ultrasound research by Matsopoulos (1993) was limited to static measurement of the residual femur within sockets. The motion of the residual tibia or residual femur within a socket has been studied using radiography. The results presented in this paper are the first reported study of the motion of the residual femur within a socket during gait.
Ultrasound measurements using the scanner are limited to an accuracy of lmm. The sample rate of ultrasound data was restricted to 25Hz due to the limitations of the single head video recorder used to record the ultrasound image. The sampling rate could have been increased to 50Hz with the use of twin-headed video recorders. However, the x and z co-ordinates of the ultrasound femoral image have to be monitored for each instant of 10 walks. This is a laborious exercise and an increased sampling rate may lead to more human inaccuracies.
The accuracy related to the ultrasound measurement of the transverse motion of the femur is dependent on minimum pistoning of the residual femur within the socket during gait. The measured lmm pistoning would have negligible effect on the ultrasound transverse measurements during gait.
Attempts to measure flexion or extension of the femur during simulated static studies using X-ray data proved difficult. These difficulties were related to factors such as the repeatability of the simulation and the internal/external rotation of the socket relative to the X-ray machine during simulated early and late stance. The abduction/adduction results estimated from X-ray and ultrasound measurements correlated.
The pattern of angular motion of the femur during gait was consistent. The ultrasound data was recorded from the two scanners with the two transducers transmitting simultaneously. Use of the metronome ensured that the gait cycles of all 10 walks were similar although not identical. It was considered to be inappropriate to attempt to normalise the 10 gait cycles as the inaccuracies introduced during normalisation would exceed the discrepancies of determining the mean of the estimated orientation of the femur at any instant.
The orientation of the femur relative to the lateral socket wall differed at HS for all 10 walks. The distal transducer was mounted on the lateral wall 93.7mm directly below and internally rotated 6.5° relative to the proximal transducer. At HS, the perpendicular distance from the sensing surface of the distal transducer to the femur was less than that from the proximal transducer. Allowing for the internal rotation of the distal transducer, this difference in perpendicular distance can be converted into an angle of abduction relative to the lateral socket wall. Based on the 10 walks, at HS the mean abduction of the femur relative to the lateral socket wall was 3.3° with a standard deviation of 0.4°. For each gait cycle the appropriate angle of abduction at HS was subtracted from the estimated angulation of the femur so that Graph 1 illustrated the variation in abduction/adduction from HS onwards from a baseline of zero.
Likewise the distance from the centre of the transducers to the femur, parallel to the sensing face of the transducers, was measured. The relative anterior-posterior position of the centrelines of both transducers was previously established. Thus, allowing for the internal rotation of the distal transducer, it was possible to estimate the degree of flexion/extension if the relative anterior or posterior off-set of the femur was known. At HS the distal femur was posterior relative to the proximal transducer and based on the 10 walks the mean represented a 0.6°e xtension with standard deviations of 1.0°. For each gait cycle the appropriate angle of extension at HS was subtracted from the estimated angulation of the femur so that Graph 2 illustrated the variation in flexion/extension from HS onwards from a baseline of zero. Throughout the 10 gait cycles the femoral motion within the socket followed a regular pattern. From HS the femur abducted to a maximum of 9° by mid-stance and then rapidly decreased during late stance so that by TO the femur was in 3° adduction. During early swing the femur returns to the neutral position and remains in that position during the remainder of the swing phase in preparation for HS. During early and late stance the femoral motion is rapid and errors due to inexact synchronisation of the 10 walks result in larger standard deviations during these periods. The median standard deviation during the gait cycle in Graph 1 is 0.7°. From HS the femur extended to a maximum of 7° at mid-stance and then decreased rapidly during late stance into flexion reaching a maximum of 7° flexion at TO. During swing the femoral flexion decreases to 0° prior to HS. During the 10 gait cycles the median standard deviation during the gait cycle in Graph 2 is 1.3°. This implies less consistency in flexion/extension versus abduction/adduction.
The view of the subject during gait occupied the lower 20% of the split screen presentation. In order to verify that no inaccuracies were introduced using this technique, the co-ordinates of the ultrasound image of the femur were measured using a full VDU screen and also with the lower 20% occupied using a video mixer.
Measurements of x and z co-ordinates were repeated 3 times and no discrepancies were noted.
Combining the ultrasound data at any instant in the gait cycle to determine the average femoral orientation produced a variation in motion identical to the mean curves displayed in Graphs 1 and 2. Therefore it is not imperative that a double scanner system is employed.
On a negative note, the use of ultrasound to monitor motion of the femur within the socket during gait is not conducive to extensive clinical evaluations. Duplicate sockets and prostheses require to be fabricated and the measurement of ultrasound data is very labour intensive. However, these disadvantages may be overcome in the future by using a single transducer mounted parallel to the medial brim or line of progression at a known axial distance from the greater trochanter. Assuming no motion between the greater trochanter and the socket the procedure can be simplified.
Conclusions
Ignoring the small idiosyncrasies that may arise due to the manner of manipulation of ultrasound data, the pattern of femoral motion was consistent with a rapid change in motion, towards early and late prosthetic stance phase. This sudden increase in the rate of motion was repeatable for this particular patient within this socket.
Additional ultrasound studies on a range of trans-femoral amputees would confirm if the motion patterns presented in Graphs 1 and 2 are typical of trans-femoral gait and if different sockets influence the motion pattern of the residual femur within the socket.
It may be possible in future combined ultrasound and pressure studies to relate the motion of the residual femur to the variation of pressure distribution within the socket during gait. A correlation between this data may then be used to scientifically quantify socket fit.
